The germ-cell lineage in mammals is believed to separate from somatic lineages around the time of gastrulation. We present data showing that germline cells can originate from a human hepatic cell line (HL7702) in vitro. In specific culture conditions, the HL7702 cells gave rise to a subpopulation of morphologically distinct cells, some of which expressed germline-specific markers, consistent with germ cell formation. After prolonged culture, the putative germ cells were capable of forming follicle-like structures, generating oocyte-like cells, subsequently developing into blastocyst-like structures in vitro, and causing germ cell/embryonic tumors in vivo, thereby indicating that the human hepatic cells actually have the potential of germline cells in vitro. Our findings will provide a novel way to obtain human germ cells and a new model to investigate human oogenesis in vitro.
Introduction
The germ-cell lineage in mammals is specified and physically segregates from somatic cells during early embryogenesis (Schö ler and Wu, 2006) . Generating oocytes from mouse embryonic stem (ES) cells (Hübner et al., 2003) provides a potential way to obtain female germ cells and an accessible in vitro model to study the development of female germ cells. However, obtaining human germ cells from ES cells has not been acceptable because of ethical concerns. Surprisingly, cells from mouse bone marrow were described as a source of germ cells that circulated in the body and were capable of forming oocytes in adults after they entered the gonads (Johnson et al., 2005) . Data from this study suggested that the derivation of female germ cells from somatic cells may be possible (Johnson et al., 2005) . It has been reported that oocyte-like cells have been derived from somatic cells in vitro from fetal porcine skin stem cells (Dyce et al., 2006; Linher et al., 2009) , adult rat pancreatic stem cells (Danner et al, 2007) , human or rat ovary (Bukovsky et al., 2005; Bukovsky et al., 2008) and mouse bone marrow-derived cells (Liu et al., 2011) . These studies lend support to the idea that female germ cells can be generated from somatic cells (Schö ler and Wu, 2006) . Producing germ cells, especially human germ cells, from somatic cells in vitro would open important new avenues for the study of reproductive medicine, and obtaining alternative sources of pluripotent stem cells is desirable (Conti and Giudice, 2008) .
Although the germline potential of somatic stem cells is so attractive, the concept has been controversial (Schö ler and Wu, 2006) . The truth of the concept will depend on whether these findings can be extended as outlined above and independently corroborated (Telfer et al., 2005; Schö ler and Wu, 2006) . Extensive studies are needed to provide more evidence for the concept (Schö ler and Wu, 2006) . Furthermore, it is currently unknown whether human somatic cells possess the ability to generate the germ-cell lineage. Therefore, we sought to investigate whether a human hepatic cell line (HL7702) representing somatic cells possesses germline potential similar to other cell lines. The process of early gametogenesis requires three critical events in vivo, including primordial germ cell (PGC) specification, migration/proliferation and pre-and post-natal sex-specific development (Nagano, 2007) .
derived from human adult hepatic tissue (Yeh et al., 1980; Li et al., 2006) , was used in this study. Briefly, this cell line was derived from human livertissue explants after cutting to 1 mm × 1 mm × 1 mm and incubating in RPMI 1640 containing 20% calf serum, 1 mg/ml glucose and 0.25 unit/ml insulin. Primary hepatic cells were derived from the hepatic explants within 2 -4 weeks. The primary cells were re-planted every 5 days, and continuous cell line HL7702 was obtained (Yeh et al., 1980) .
Generation and culture of germ cell-like cells
Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with low glucose (Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS; PAA Laboratory). All cells were maintained at 378C, 5% CO 2 . The medium was changed twice a week. In routine culture, the cells would be subcultured when they reached 90 -100% confluence. For this study, after routine subculture, cells were cultured continuously for 2 -6 weeks without subculture to attain full confluence and a high cell density. One week later after a routine subculture, cells attained full confluence and high density. Small round cells appeared. An additional 2 -4 weeks of culture at full confluency were needed to enrich a population of small round cells. Then, a subpopulation of round-shaped cells generated aggregates. Upon further culture, a subpopulation of single or cluster cells showed little or no adherence and suspended in medium.
(At Day 25, some floating cells were isolated and then plated in new flasks to better observe their differentiation into oocyte-like cells. The step was optional but not necessary.) Cultured cells were observed and collected on different days to study the formation of PGC-like cells and gene expression.
Alkaline phosphatase staining
At various time points, cells were washed twice with Tris-HCl (pH ¼ 8.2) solution and stained with alkaline phosphatase (AP) substrate (Vector Laboratories) in the dark for 40 min at room temperature. Stained cells were viewed using microscopy. The percentage of AP-positive cells in a given flask was calculated based on the total number of cells and the number of PGC-like cells counted per flask based on morphology and positive staining for AP activity. Cell counting chamber was used for determining the number of AP-positive cells and the total cells in the cultures. Three independent different cultures were analyzed at Day 3 and Day 15 after re-plating, respectively.
Semisolid culture
Day 20 cultures were disaggregated with trypsin, centrifuged and dissociated mechanically into single cells by pipetting. Approximately 4000 cells were plated in a semisolid medium containing 2.7% methyl cellulose (Sigma), DMEM and 10% FBS. Cells were maintained in this culture by replacing half the medium every week up to 40 days of culture.
Immunocytochemistry
Cultures containing PGC-like cells were disaggregated with trypsin, plated at 5 × 10 3 cells per well, and grown on coverslips placed at the bottom 
Flow cytometry
Cells were collected using 0.025% trypsin, washed twice with PBS containing 0.5% bovine serum albumin and then resuspended in PBS. For Vasa (AbCam) staining, the cells (1 × 10 6 ) were permeabilized and blocked for 45 min in PBS containing 0.1% Triton X-100 and 0.5% bovine serum albumin, then incubated in the dark for 40 min. Control cells were treated with non-specific isotype-matched antibody. Secondary FITC-labeled goat antibody to rabbit (Jackson Immunoresearch Laboratories) was used for the detection of Vasa. Three different samples were assayed for every antibody. The mean of the triplicates was used in all subsequent analyses.
Hormone detection
Cells were maintained in culture for 30 days by replacing half the medium every 3 days. Medium was collected and tested at Day 10 and Day 30. Blank medium were used as Day 0. Quantitative determination of estradiol in the cell culture medium using the electrochemiluminescence immunoassay (Roche) was performed at the Department of Clinical Laboratory Medicine, Huashan Hospital, China. Each sample was assayed in triplicate, and the mean of the triplicates was used in all subsequent analyses.
Tumor formation and analysis
All animal experiments were conducted in strict accordance with the National Institute of Health Guide for the Care of animals. The suspended putative germ cells ( 1000 cells) were collected and injected subcutaneously into three 4-week-old immune-deficient mice (nude mice). Two mice were injected with a 1 × PBS buffer as a control. The mice were sacrificed at 9 weeks, and the tumors were removed. No tumors were observed in the control mice. The tumor tissue sections were 
Results

Formation of PGC-like cells
A human hepatic cell line (HL7702) that is stable in long-term culture was used in the current study. Typically, human hepatic cells showed homogeneous adherence and exhibited an epithelial-like shape (Fig. 1A) , expressed Cytokeratin 8 (CK8), Cytokeratin 18 (CK18), albumin, but did not express alpha-fetoprotein (Supplementary data, Figs S2 and S3). The karyotype of HL7702 cells was abnormal (Supplementary data, Fig. S4 ). After 7-10 days in culture, the adherent differentiating cells were observed to proliferate to form a confluent layer of cells, and morphologically distinct small round cells with high nucleus-to-cytoplasm ratio appeared above the confluent layer in the cultures ( Germ cell development requires a series of multiple, wellorchestrated steps that involve the concurrent up-and downregulation of specific markers (Linher et al., 2009) . To obtain further evidence that the early germ cell-like cells observed were indeed PGCs, RT-PCR was performed for the following marker genes that are involved in initiating germ cell competence and specification on different days in culture: Oct4, Stellar, Blimp1, Sox2, Ifitm3, Nanog, Nanos3, TERT and c-Kit. As expected, these genes were detectable in the early and later cultures (Fig. 1R) , coinciding with the appearance of germ cell-like cells. Quantitative RT-PCR showed that the expression of Oct4 (Fig. 1S ) increased with the extension of culture time (P , 0.05). Twenty independent cultures were used to address the ability of germ cell-like cell formation in HL7702 cells. Similar ability of germ cell-like cell formation was obtained in all the independent experiments. The results indicated that the process of germ cell specification, which is the first and perhaps most critical event for the induction of germ cells in vitro (Telfer et al., 2005) , took place in cultured human hepatic cells.
Differentiation of early PGC-like cells
At about Day 20 after re-plating, 20% of individual round cells and cell aggregates detached from the plate and suspended in the medium ( Fig. 2A) , suggesting the loss of cell-cell contact, which is typical of post-migratory germ cells (Hübner et al., 2003) . The early mobile cell aggregates were AP positive (Fig. 2B) . The round-shaped cells were small in size indistinguishable from somatic cells ( Fig. 2A and E) at the beginning of appearance, and then gradually lost cell-cell contact (Fig. 2C ) and grew bigger (Fig. 2D) . At Day 20 after re-plating, 15% of germ cell-like cells reached 15 -20 mm in diameter (Supplementary data, Fig. S5 ). AP-positive round cells which ranged in diameter from 5 to 20 mm (Fig. 2E -K) were observed in cultures. Some larger germ cell-like cells ( 40%) could switch to AP-negative cells (Fig. 2L) . Variations in the size and levels of AP expression in the germ cell-like cells indicated that the different populations may represent different stages of germ-cell development.
Expression of Vasa protein, an RNA helicase enzyme, is restricted to PGCs during embryogenesis, beginning at the post-migratory stage of PGCs until the post-meiotic stage of oocytes (Hübner et al., 2003; Toyooka et al., 2003; Kee et al., 2006) . Vasa protein was detected in mobile aggregates and individual germ cell-like cells ( Fig. 2M-S) , suggesting the appearance of germ cell-like cells at the post-migratory stage (Hübner et al., 2003; Kee et al., 2006) . Flow cytometry analysis showed that the ratio of Vasa + cells were 28.16 + 2.45% (n ¼ 3) of the total cell population at Day 20 after re-plating (Fig. 2W) . DAZL is known to be expressed in germ cells and is required for the development, differentiation and maturation of PGCs (Dyce et al., 2006) . A subpopulation of cells was positive for DAZL ( Fig. 2T-V) . To further support the theory that cells representing a later germ cell stage existed in cultures, RT -PCR was performed for DAZL and Vasa. The results of RT -PCR showed that DAZL and Vasa were detectable at Day 15 after re-plating (Fig. 2X) . Quantitative RT-PCR showed that the expression of Vasa (Fig. 2Y ) increased with the extension of culture time (P , 0.05). The data indicated that the germ cell-like cells might undergo the developmental stage of migration.
Formation of follicle-like structures
Interestingly, a small subpopulation of bigger germ cell-like cells assembled with smaller somatic cells suspended in the medium ( Figs 2Z and 3A,) , similar to early ovarian follicles in cell distribution patterns. Upon further culture, 70% of the germ cell-like cells in the early follicle-like structures grew larger and 5% of germ celllike large cells could be extruded from it, while the surrounding somatic cells increased in number (Fig. 3B -D) . The germ cell-like cells in the early follicle-like clusters were AP positive ( Fig. 3E and F) and could enter an AP-negative developmental stage (Fig. 3G ) on further culture, whereas the surrounding cells were AP negative. Consistent with this, the expression of Oct4 (for germ cell-like cells) protein (Fig. 3H -J ) and P450 aromatase (P450arom, for somatic cells) protein (Fig. 3K-M) in early follicle-like structures also closely resembled mammalian ovarian follicles (Pepling, 2006) .
To facilitate the further development of the early follicle-like clusters in vitro, we disaggregated Day 20 cultures and re-plated them in semisolid medium containing 2.7% methyl cellulose. Seventeen days after re-plating in semisolid medium, early follicle-like clusters whose somatic cells were cuboidal in shape (Fig. 3N) were observed, which were morphologically very similar to ovarian primordial follicle structures. After prolonged culturing, primary follicle-like structures (Fig. 3O) and advanced follicle-like structures formed (Fig. 3P and Q) . 
Germ cell-like cells from a cultured human hepatic cell line
During the course of follicle-like structure development, germ cell-like cells underwent extensive growth up to 50-80 mm in size (Fig. 3O-R) , whereas the granulosa cell-like cells were observed to grow radially away from the center (Fig. 3N -Q) , giving rise to advanced follicle-like structures with several layers of somatic cells (Fig. 3N -Q) . Similar to ovarian follicle structures (Pepling, 2006) , the follicle-like structures could support further growth of the germ cell-like cells. The majority of germ cell-like cells in the ovarian follicle-like structures degenerated upon further cultivation, and 10% were extruded from the folliclelike structures (Fig. 3R) . In addition to supporting the growth of germ cells, mammalian ovarian follicles have the ability to synthesize estradiol (Hillier et al., 1994; Hübner et al., 2003) . Ovarian estrogen production is the hallmark of preovulatory follicular development (Hillier et al., 1994) . The concentration of estradiol was 118 + 7.0, 209 + 19.8 and 1362 + 46.0 pmol/ml at Day 0 of culture (control), Day 10 after re-plating and Day 30 after re-plating, respectively (Fig. 3S) , which further indicate the formation of follicle-like structures in culture.
RT-PCR was performed for the growth differentiation factor (GDF9) and the key genes involved in estrogen biosynthesis, including steroidogenic acute regulatory protein (StAR), P450 17-hydroxylase -17/20 lyase (CYP17) and P450 arom (Hübner et al., 2003) . The mRNA of P450 arom, CYP17, StAR and GDF9 was evident at Day 30 after re-plating (Fig. 3T) ; these results correlated with the observed increased concentration of estradiol in the medium. The expression of GDF9 in cultures also supported the formation of follicle-like structures, as this growth factor is predominantly derived from oocytes and is known to be essential for normal folliculogenesis (Johnson et al., 2004) .
Characterization of oocyte-like cells
Upon further culture (Fig. 2Z) , large round or ovoid cells enclosed in a coat resembling the zona pellucida (Fig. 4A-D) were observed. Approximately 8% of putative PGCs could develop into oocyte-like cells (above 25 mm in diameter) at Day 28 after re-plating (Supplementary data, Fig. S6 ). Approximately 70% of these oocyte-like cells could grow up to 30-40 mm in diameter (Fig. 4A -C) . Approximately 10% of oocyte-like cells attaching to follicle-like structures could grow up to above 50 mm in size (Fig. 4D) . In semisolid medium, 50% of the oocyte-like cells could reach 50-85 mm (Fig. 4E ) in size without an apparent zona pellucida-like membrane. Immunohistochemical staining for DAZL (Fig. 4G) , Vasa (Fig. 4H) and Gdf9 (Fig. 4I) protein indicated the similarity between the oocyte-like cells and natural oocytes in the expression of markers. Western blot showed that ZP3 protein could be detected in oocyte-like cells (Supplementary data, Fig. S7 ).
Replication of germ cells to produce oocytes for follicle formation requires the expression of genes involved in the initiation of meiosis (Nicholas et al., 2009) . The SCP3 protein is needed for the formation of axial lateral elements of the synaptonemal complex and is an excellent marker for the detection of the meiotic transition in mammals because its expression is required for the onset of the first meiotic division (Tarsounas et al., 1999; Hübner et al., 2003; Nicholas et al., 2009) . Immunohistochemistry staining showed that SCP3 protein (Fig. 4J ) could be detected in some oocyte-like large cells. A germinal vesicle (GV)-like structure (Fig. 4K and L) was observed in a few of oocyte-like cells ( 3%). A polar body (PB)-like structure was observed in culture, suggesting that the oocyte-like cells could complete the first phase of meiosis (Fig. 4F) . Haploid oocyte-like cells were not detected in cultures.
To further support the similarity between these large cells and oocytes, PCR was performed to detect mRNA expression of several oocyte-related markers, including zona pellucida (ZP, including ZP1, and ZP3) and meiotic markers (synaptonemal complex protein, SCP1and SCP3). As expected, the expression of ZP1, ZP3, SCP1 and SCP3 was observed in big cells (Fig. 4M) , which provided further evidence for the existence of oocytes. These data indicated that the putative PGCs could commit to sex-specific development and differentiate further into more mature gametes.
Formation of embryo-like structures
Some of the germ cell-like large cells were able to spontaneously activate, undergo cleavage to the 2-cell stage (Fig. 5A, Fig. 2Z ) and produce some organized structures ( Fig. 5B -P) resembling parthenogenetic preimplantation embryos in vitro as reported by other researchers (Pierce et al., 1960; Pierce and Varney, 1961; Hübner et al., 2003; Dyce et al., 2006; Kerkis et al., 2007) . The size of the blastocyst-like structures varied from 20 to 85 mm in diameter ( Fig. 5B -P) , according to the size and stage of the original oocyte-like cells. A defined zona pellucida around the embryo was only observed in a few cases (for example, Fig. 5A ). The preimplantation embryo-like structures that formed in semisolid medium lacked a zona pellucida, which is likely a consequence of the original oocyte-like cells lacking a zona pellucida. To further investigate if these structures were indeed blastocysts, the expression of Oct4 was examined in the blastocyst-like structures (Supplementary data, Fig. S8 ). Immunocytochemistry results showed that Oct4 protein was expressed in blastocyst-like structures (Fig. 5Q ) consistent with mammalian embryo at a very early stage (Hübner et al., 2003; Chen et al., 2012) . These results indicated that the germ cell-like cells from human hepatic cells have the ability to generate embryo-like structures, consistent with natural oocytes.
Formation of germ cell/embryonic tumors
Germline cells and their embryonic derivatives can give rise to tumors with embryonal components in vivo (Stevens and Varnum, 1974) . The suspended germ cell-like cells and the embryo-like structures were collected and injected subcutaneously into immunodeficient mice. The mice formed tumors at the injection site and the tumors grew slowly. The tumors differentiated poorly. No well-differentiated somatic tissue or cells were observed in the tumors. All the tumors were similar to germ cell/embryonic tumors derived from germ cells in histopathology (Fig. 6A ) and marker expression (Fig. 6B-F) . Germ-cell lineage like differentiation was observed in the tumors (Fig. 6A-F) . These results revealed that the germ cell-like cells derived from HL7702 cells could develop into germ cell/embryonic tumors in vivo, similar to natural germ cells in function.
Discussion
During germ-cell generation from human hepatic cells (HL7702), we observed the sequential developmental events resembling oogenesis in vitro, including PGC specification, migration, differentiation into Germ cell-like cells from a cultured human hepatic cell line oocytes, formation of follicles and formation of parthenogenetic blastocysts, thereby indicating that these cells actually have the potential of germline cells in vitro. These findings extend and reinforce the concept that cells derived from somatic tissues have the ability to form germline cells (Johnson et al., 2005; Dyce et al., 2006; Danner et al., 2007; Linher et al., 2009) .
Several studies have differentiated human ES cells into germ cell-like cells in vitro (Clark et al., 2004; Kee et al., 2006; Tilgner et al., 2008; Bucay et al., 2009) . The germ cells derived from HL7702 cells in this study are far more mature than those from human ES cells in other reports (Clark et al., 2004; Kee et al., 2006; Tilgner et al., 2008; Bucay et al., 2009) . Moreover, HL7702 cells could generate germ cells with a relatively higher efficiency and with a very simple approach that requires neither genetic manipulation nor complex growth factors. Thus, our culture system might provide an approach to obtaining human germ cells from the primordial stage to oocytes in vitro, although clearly the abnormal karotype analysis in this particular cell line would be a potential barrier. Sequential key events of gametogenesis can be observed in our experiments, indicating that our findings may provide a novel and accessible model to investigate human germ cell development in vitro.
It is reported that ES cells can derive from PGC cells (Kanatsu-Shinohara et al., 2004) and parthenogenetic oocytes (Revazova et al., 2007) . Further experiments will reveal whether the PGC-like cells and blastocyst-like structures obtained in this study can be used as an interesting source of patient-specific ES cells.
The remarkable germ-cell lineage potential of human hepatic cells establishes a direct link between germline cells and human adult hepatic tissue, thus raising interesting questions as to why these cells possess germ cell competence. In mammals, early germ cell precursors arising in the proximal epiblast of the developing embryo are highly mobile (Dyce et al., 2006) . It is therefore possible that some PGCs are 'lost' during migration, reside in somatic tissue while retaining their early developmental stage, and can then be reactivated by in vitro culture conditions (Dyce et al., 2006) , such as the reported Oct4-positive very small embryonic-like stem cells (Kucia et al., 2007) . Alternatively, differentiated human hepatic cells have been considered as candidates for germ cell precursors (Bukovsky et al., 2005) . That is, soma-to-germline transformation might be activated in the hepatic cells. A closely reminiscent soma-to-germline transformation was observed in Caenorhabditis elegans (Curran et al., 2009) . Based on the hypothesis of soma-to-germline transformation, the hepatic cells might either undergo de-differentiation into ES cell-like cells and then step on to the germline developmental pathway or directly transform into the germline developmental pathway. However, further studies are still needed to address whether ES cell-like cells or soma-to-germline transformation is present in human hepatic cells in vitro.
Our experimental system may provide an in vitro model to investigate how the germ cell competence of human hepatic cells can be reactivated. It is likely that addressing these and related questions may provide a better understanding of cell fate commitment.
Culturing PGCs in vitro is difficult and usually involves complicated factors or cell support (Johnson et al., 2004) . For example, several factors were used in the generation of germline cells from fetal porcine skin stem cells (Dyce et al., 2006; Linher et al., 2009) . No additional inducing and growth factors were involved in our culture system. We found that high cell density facilitated the formation, survival, proliferation and further development of PGC-like cells, and semisolid medium facilitated the development of follicle-like structures. The Vasa positive cells are indeed higher than the early putative PGCs. We speculated that the later PGC-like cells were able to proliferate resembling natural post-migratory PGCs (Nagano, 2007) , which might contribute to the higher ratio of Vasa positive cells. Additionally, it is still unknown whether long-term culture plays an important role in triggering the germ-cell fate of the human hepatic cell line.
Further studies are needed to address that reactivating germ cell potential of human hepatic cells are in a physiological or pathological state. It has been noticed that the karyotype of the HL7702 cell line was abnormal and it is possible that the potential of germ cells may be activated under pathological conditions, such as cancer. Hepatic teratomas seeming correspond to the reactivating germ cell potential of human hepatic cells in vivo.
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